Gourgoulis, V, Aggeloussis, N, Kasimatis, P, Vezos, N, Antoniou, P, and Mavromatis, G. The influence of hand paddles on the arm coordination in female front crawl swimmers. J Strength Cond Res 23(3): 735-740, 2009-The purpose of the research was to determine the influence of hand paddles on the arm coordination in female front crawl swimmers. Ten female swimmers swam at a maximal intensity 25 m without, with small hand paddles (116 cm 2 ), and with large hand paddles (286 cm 2 ). Four S-VHS cameras were used to record the underwater motion of both arms, and the digitizing of selected points onto the subject's body was undertaken using the Ariel Performance Analysis System. The mean swimming velocity, the stroke length, the stroke rate, the relative duration of the separate phases of the stroke, and the index of coordination were then calculated. The index of coordination was defined as the time interval between the propulsive phases of the 2 arms expressed as a percentage of the mean duration of the stroke cycle. The results showed that when the hand paddles were worn, the mean swimming velocity (p , 0.05) and the stroke length (p , 0.05) were significantly increased, whereas the stroke rate was significantly decreased (p , 0.05). When large paddles were worn, the relative duration of the whole propulsive phase was significantly decreased (p , 0.05), and the relative duration of the nonpropulsive phase was significantly increased (p , 0.05). However, the index of coordination was remained unchanged under the 3 measurement conditions (p = 0.895). It was concluded that in front crawl hand-paddled swimming, significant increases of the swimming velocity was not caused by modifications in the pattern of arm coordination. Thus, hand-paddled swimming should not be used as a tool to alter the time sequence of the application of propulsive forces generated from the 2 arms.
INTRODUCTION

I
n front crawl swimming, each stroke cycle consists of a right and a left arm stroke (9) . The coordination of these 2 arm strokes is of decisive importance for the effective application of the propulsive forces generated from the 2 arms (4, 13) .
Three patterns of arm coordination have been described in the literature: (a) the ''catch-up'' pattern, where there is a time lag between the propulsive forces generated from the 2 arms, (b) the ''opposition'' pattern, which is characterized by an uninterrupted generation of propulsive forces from the 2 arms, and (c) the ''superposition'' pattern, where an overlap of the propulsive forces generated from the 2 arms is observed (4, 13) . Chollet et al. (4) , in an attempt to quantify the pattern of arm coordination in front crawl swimming, developed the index of coordination (IdC), which corresponds to the time interval between the generation of propulsive forces from the 2 arms as a percentage of the total duration of the stroke cycle. Negative values of the IdC (IdC , 0) mean that the pattern of arm coordination corresponds to the catch-up mode, 0 values (IdC = 0) correspond to the opposition mode, and positive values (IdC . 0) correspond to the superposition mode.
The pattern of arm coordination that is used from the swimmers depends on several factors, such as the race distance (sprint, middle distance, or long distance), swimming velocity (17) , performance level (7, 13) , fatigue (1) and sex (16) . Expert men swimmers tended to use the catch-up pattern in middle and long distances, increasing the relative duration of their entry and catch phase, whereas in sprints, because the swimming velocity is increased, they showed a shift to the opposition or superposition mode (4, 13, 17) . On the contrary, less skilled swimmers always adopted the catch-up pattern (3, 13) , and in exhaustive conditions, despite the decrease of the swimming velocity, the IdC increased, corresponding to a reduction of the time interval between the propulsive actions of the 2 arms (1). Furthermore, as the swimming velocity increased, skilled women front crawl swimmers, in contrast to skilled men swimmers, remained in catch-up coordination, although they tended to increase their IdC (16) .
Because the arms produce the major part of propulsion in front crawl swimming (21) and their strength is an important factor for the achievement of high performances (2, 5) , swimmers use various types of training to increase their strength (9, 12) . One of them is swimming with hand paddles because the paddles result in an increase of the propulsive area of the hands and consequently increase the amount of water that must be overcome in each stroke cycle (9, 21, 22, 23) .
In the past, the influence of hand paddles was investigated in several kinematic characteristics of the arm movement (6, 10, 11, 12, 20) . However, regarding their effect on the arm coordination, the only relative research is the study of Sidney et al. (19) . Using the same imposed stroke rate during free swimming and swimming with paddles with an area of 360 cm 2 , they observed significant modifications in men front crawl swimmers. In free swimming, the arm coordination showed a time lag in the generation of the propulsive forces from the 2 arms, thus corresponding to the catch-up pattern, whereas during hand-paddled swimming, this time interval was decreased, demonstrating a shift to an opposition pattern, which is characterized by a continuous motor action and a smoother series of propulsive phases from the 2 arms.
Given the different motor organization between women and men regarding the arm coordination in front crawl swimming (16) , the question raised concerns about the effect of hand paddles on the arm coordination of women swimmers. The hypothesis of the current research was that the arm coordination in female front crawl swimmers would not be affected by the swimming condition (no hand paddles, small hand paddles, or large hand paddles).
Thus, the purpose of the present study was to investigate possible alterations in the arm coordination in female front crawl swimmers when different sized hand paddles were worn.
METHODS
Experimental Approach to the Problem
To investigate the effect of different sized hand paddles on the arm coordination in female front crawl swimmers, the relative duration of the separate phases of the stroke and the IdC were calculated under 3 different experimental conditions: during front crawl swimming without paddles, during front crawl swimming wearing small paddles, and during front crawl swimming wearing large paddles. The above variables were selected because they could quantify the pattern of arm coordination in front crawl swimming (4).
Subjects
Ten female front crawl swimmers participated in the study (age, 18.2 6 4.6 years; height, 1.69 6 0.14 m; body mass, 60 6 6.27 kg). The subjects were competitive swimmers with a mean training experience of 9.3 6 3.9 years, and the study took place in June, just before the national competitions. Their best performances in 100-m front crawl ranged between 58.41 and 66.45 seconds and corresponded to 880 and 678 points, respectively, in accordance with the international ranking point system (http://www.swimnews.com/Ranking/ips. jhtml). Written informed consent, signed from both subjects and their parents, was obtained before their participation in the study. Both subjects and their parents were informed about all risks, discomforts, and benefits involved in the study. Procedures were in accordance with the Helsinki Declaration of 1975, and Institutional Review Board approval was obtained for this study.
Procedures
In a 25-m indoor swimming pool and after an appropriate warm-up, each subject swam 25 m with maximal intensity and in a randomized order without, with small hand paddles (116 cm 2 ), and with large hand paddles (286 cm 2 ) ( Figure 1 ). All subjects were familiar with hand paddles because they extensively use them during their training. They were also verbally motivated by both the experimenter and their coach to keep swimming at full speed in each measurement condition.
In each trial, the legs were supported by a pull-buoy to eliminate possible different effects of leg movement, and a rest period of 3 minutes was set to eliminate the effect of fatigue. Moreover, to avoid modifications caused by breathing, the subjects held their breath when their movements were recorded. Four S-VHS cameras (2 Panasonic PV-900 and 2 Panasonic AG-188; Panasonic, Secaucus, N.J.), along with 4 stationary periscope systems, were used to record the underwater movement of the 2 arms. Each camera operated at 60 Hz, and the optical axes per camcorders couple formed an angle of 41 degrees. An arrangement of light emitting devices visible in each camcorder's field of view, was activated from the experimenter and was used for the synchronization of all cameras. The recorded volume was calibrated using a frame with 24 control points, which was positioned into the water in the middle area of the pool. The frame's dimensions were 1 3 3 3 1 m for the transverse (X), the longitudinal (Y), and the vertical (Z) directions, respectively, and its longitudinal axis was aligned with the direction of swimmer's propulsion. The root mean square (RMS) reconstruction error of 8 validation points on the calibration frame, which did not serve as control points, was 2.35, 4.64, and 2.59 mm for the X, Y, and Z axes, respectively.
Before filming, the locations of the acromion, the greater trochander, and the second and fifth metacarpophalangeal joints of the hand were marked on the right and left side of each subject. The midpoints of the second and fifth metacarpophalangeal joints of each hand were used to study the hand movement. All selected points were digitized manually using the Ariel Performance Analysis System (Ariel Dynamics, San Diego, Calif ), and their 3-dimensional coordinates were calculated using the direct linear transformation procedure. The raw position-time data were smoothed using a low-pass digital filter, with a cutoff frequency of 6 Hz.
To determine the mode of arm coordination, 3 successive arm strokes were digitized, i.e., a first left arm stroke, a right arm stoke, and a second left arm stroke. Each arm stroke was divided into 4 distinct phases according to the methodology described by Chollet et al. (4) . The phase from the entry of the hand into the water to its maximal forward displacement in the longitudinal direction was described as ''entry and catch'' phase and was a nonpropulsive phase. The time interval from the maximal displacement of the hand in the forward direction to the time that the hand was exactly under the shoulder was called the ''pull'' phase and was the first propulsive phase of the hand. The third phase was the ''push'' phase, which was the second propulsive phase of the hand and lasted from the end of the pull phase until the exit of the hand out of the water. The last phase was the ''recovery'' phase from the hand's exit to its re-entry into the water. The mean duration of each from the above 4 phases for the first left and the right arm stroke was expressed as percentages of the mean duration of the stroke cycle, which was defined as the mean duration of the first left and the right arm stroke. Although, according to Seifert et al. (18) , there were no significant differences in the reliability of the determination of the stroke phases when the hand positions were determined visually from an expert operator and when they were obtained from a digitizing process, in the present study, the digitizing approach was preferred to determine the beginning and the end of the distinct phases with the greater possible accuracy. Then, 2 time intervals were calculated from the hand's position to time data: (a) the time interval between the propulsive phases of the fist left arm stroke and the right arm stroke, i.e., between the beginning of the pull phase from the right arm stroke and the end of the push phase from the first left arm stoke (LT 1 ) and (b) the time interval between the propulsive phases of the right arm stroke and the second left arm stroke, i.e., between the beginning of the pull phase from the second left arm stroke and the end of the push phase from the right arm stroke (LT 2 ). The mean value of these time intervals, expressed as percentage of the mean duration of the stroke cycle (T), was the IdC:
IdC ¼ ½ðLT1 þ LT2Þ=23ð100=TÞ. Moreover, the stroke length (SL), the mean swimming velocity (v), and the stroke rate (SR) were calculated. Stroke length was defined as the mean forward displacement of the right and left hip in the longitudinal direction during a complete right and left arm stroke, respectively. Mean swimming velocity was defined as the quotient of the mean SL to the Tof the right and left arm stroke (v = SL/T), and the SR was defined as the quotient of the mean swimming velocity to the mean SL (SR = v/SL). For the statistical treatment of the data, the analysis of variance for dependent samples with 1 within-subject factor (experimental condition: no paddles, small paddles, and large paddles) was used. Post-hoc comparisons were made with the pair-wise multiple comparison Bonferroni test, and the level of significance was set at p # 0.05. The assumptions of normally distributed samples and the sphericity were verified using the Kolmogorov-Smirnov test and the Mauchly test, respectively.
RESULTS
Analysis of variance revealed a significant main effect of the experimental condition factor in the SL, the SR, and the mean swimming velocity ( Table 1 ). The multiple comparison Bonferroni test showed that as the size of the paddles increased, the SL was also increased, whereas the mean swimming velocity increased and the SR decreased significantly only when the large paddles were worn, in comparison with free swimming.
Regarding the total duration of the stroke, a significant increase was observed only during swimming with large paddles compared with free swimming and swimming with small paddles. Furthermore, when large paddles were worn, the relative duration of the entry and catch phase increased significantly, whereas no significant modifications in the relative duration of the pull and push phases were observed, although they were decreased. This resulted in a significant decrease of the relative duration of the whole propulsive phase (pull + push) during swimming with large paddles. On the contrary, the relative duration of the nonpropulsive phase (recovery + entry and catch) was significantly increased ( Table 2) . The experimental condition factor had no significant main effect in the index of coordination (F 2,18 = 0.112; p = 0.895). The index of coordination remained practically unchanged and was equal to 210. 03 (Figure 2 ).
DISCUSSION
The values of the IdC of the present study revealed that the arm coordination of female front crawl swimmers during swimming with hand paddles remained in the catch-up mode, despite the significant increase of the swimming velocity. This finding is in contrast with the findings of Chollet et al. (4), who observed an increase in the IdC and in the duration of the propulsive phases in highly skilled male swimmers as the swimming velocity increased. Furthermore, Sidney et al. (19) reported a shift from the catch-up to the opposition pattern of the arm coordination in male swimmers. This modification of the arm coordination was the result of the increased duration of the propulsive phases and the corresponding decrease of the duration of the nonpropulsive phases. On the contrary, in the present study, using the large hand paddles, female swimmers showed a significant decrease of the duration of the propulsive phases and a significant increase in the duration of the entry and the nonpropulsive catch phase.
However, female swimmers showed a different pattern of arm coordination, even during free swimming, in comparison with male swimmers. As the swimming velocity increased, they maintained the catch-up pattern, although the IdC tended to increase. This mode of motor organization was probably caused by their slower swimming velocity (16) and consequently to the fact that they had to overcome a smaller resistance, as compared with male swimmers (8).
Sanders (15) pointed out that, in order for a swimmer to increase the propulsive impulse, they should increase the time relative to the whole stroke cycle during which the propulsive forces are applied. Consequently, the catch should be made as early as possible. Furthermore, according to Maglischo (9) , the increase of the time interval between the end of the propulsive phase of the one arm and the start of the propulsive phase of the other arm resulted in a reduction of the mean swimming velocity. However, according to Seifert et al. (16) , the catch-up coordination observed in female swimmers should not be characterised as a bad coordination. It might simply be the result of a different motor organization scheme because of different anthropometric properties and the slower swimming velocity of women, as compared with male swimmers. The differences between men and women were also pointed out from Rouard and Billat (14) , who showed that female swimmers are less efficient than men in the sense that they had a shorter SL with a slower swimming velocity for the same level of muscular activation. Moreover, according to Potdevin et al. (13) , the SR is of decisive importance for the mode of arm coordination. When the SR is slow, the pattern of arm coordination corresponds to the catch-up mode, whereas at faster SR values, it corresponds to the superposition mode, a consequence rather than a requirement of the fast SR (17) . However, the female swimmers in the present study were not able to keep the same SR during swimming with and without paddles. On the contrary, their SR was decreased significantly, resulting in the catch-up pattern in the arm coordination.
PRACTICAL APPLICATIONS
In female swimmers, significant increases of the swimming velocity and the SL during swimming with hand paddles should not be attributed to modifications of the arm coordination pattern. The time sequence of the application of propulsive forces generated from the 2 arms was not altered, and no shift from the catch-up to the opposition or the superposition pattern was observed, which would increase the duration of the propulsive phases and resulted in the application of propulsive forces for a longer time period, thus increasing the swimming efficiency. Thus, hand-paddled swimming should not be used as a tool to alter the time sequence of the application of propulsive forces generated from the 2 arms.
